Immunodeficiency following autologous CD34+ purified peripheral blood stem cell (PBSC) transplantation could be related to T-cell depletion of the graft and/or impaired T-cell reconstitution due to thymus irradiation. Aiming to assess the role of irradiated thymus in T-cell repopulation, we studied 32 adults with multiple myeloma, randomly assigned to receive high dose therapy including total body irradiation (TBI) followed by autologous transplantation with either unselected or CD34+ selected PBSC. The median number of reinfused CD3+ cells was lower in the selected group (0.03 versus 14 x 10 6 /kg; p=0.002). Lymphocyte subset counts were evaluated from Month 3 to 24 postgraft. Naive CD4+ T-cells were characterized both by phenotype and by T-cell receptor rearrangement excision circles (TRECs) quantification. The reconstitution of CD3+ and CD4+ T-cells was significantly delayed in the CD34+ selected group, but eventually led to similar counts than in the unselected group after Month 12. Mechanism of reconstitution differed, however, between both groups. Indeed, a marked increase in the naive CD62L+CD45RA+CD4+ subset was observed in the selected group, but not in the unselected group in which half of CD45RA+CD4+ T-cells appear to be CD62L-negative. Age was identified as an independent adverse factor for CD4+ and CD62L+ CD45RA+CD4+ T-cell reconstitution. Our results provide evidence that infusing T-cell depleted PBSCs after TBI in adults delays T-cell reconstitution but accelerates thymic regeneration.
INTRODUCTION
Advances in the treatment of hematological malignancies have been reported with the use of high-dose myeloablative therapy including or not body irradiation and followed by hematopoietic stem cell transplantation (HSCT). Immunodeficiency is an important clinical problem in patients treated with such intensive approaches. 1, 2 The incidence of severe infectious adverse events and second cancers may be high, [3] [4] [5] responsible for a significant treatment-related mortality.
Of all hematopoietic lineages, T-lineage lymphocytes (T-cells) undergo the most extensive postmarrow maturation process. Thymic T-cell precursors maturation includes T-cell receptor (TCR) gene rearrangement followed by negative and positive selection, T-cells entering then the peripheral pool as naive T-cells. Numerous studies of T-cell regeneration after myeloablative therapy followed by HSCT have shown that T-cells may be regenerated through two different pathways. 6 One is thymusdependent and might be considered as a recapitulation of ontogeny. In addition, when the activity of the thymus is low, the T-cell pool can be repopulated through peripheral expansion of reinfused mature T-cells. Some studies suggest that the thymus dependent pathway is age-dependent and becomes limited after childhood, presumably due to thymic involution. 7, 8 In an autologous setting, ex vivo treatment of hematopoietic stem cells has been proposed as a mean of reducing contamination of the graft by residual tumoral cells. 9 The positive selection of peripheral blood stem cells (PBSCs) expressing the CD34 antigen has been used with this aim. [10] [11] [12] The enrichment of the graft in CD34+ cells is accompanied by a profound T-cell depletion that may compromise the peripheral expansion of reinfused T-cells following HSCT.
The combination of high-dose therapy (HDT) including a thymic irradiation with the reinfusion of CD34+ enriched autologous cells might thus be potentially responsible for a profound induced immunodeficiency, as both T-cell regeneration pathways might be altered in these patients. As a matter of fact, recent works provide evidence that adult thymus may contributes substantially to immune reconstitution in some cases. 13, 14 However, the effect of thymic irradiation on thymic function in autologous setting has not yet been evaluated.
In the present study, we report an evaluation of T-cell repopulation kinetics and mechanisms in patients with multiple myeloma treated with HDT including total body irradiation (TBI) followed by reinfusion of autologous stem cells, using either unselected or CD34+ selected PBSCs. The primary objective of the study was to assess the capacity of irradiated adult thymus in T-cell repopulation in such setting and factors influencing this function. To measure thymic output and to characterize naïve
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METHODS

Patients and treatments
All the 32 patients included in the present study (17 males and 15 females; median age, 50 years; range, 36 to 56 years) were treated in a multicenter prospective trial where patients aged under 56 with newly-diagnosed symptomatic multiple myeloma were randomly assigned up-front to receive either a single HDT (HDT1 arm) or two sequential HDT (HDT2 arm). In addition, all patients were independently randomized to be transplanted with CD34+ selected PBSCs (CD34+ selected group) or unselected PBSCs (unselected group).
All patients first received one or two courses of high dose steroïd containing regimens and PBSCs were thereafter mobilized by cytoxan (4g/m²) and lenograstim granulocyte colony-stimulating factor (10 ìg/kg/d). When appropriate (CD34+ selected group), part of collected PBSCs were CD34+ selected using the Isolex®300i system (Baxter). The selection procedure resulted in a median purity of 95% (65-100%) and in a significant tumor cell depletion. In the HDT1 arm, HDT was preceded by 3 monthly courses of a VAD-like regimen and combined a multi-drug regimen (carmustine, etoposide, melphalan 140 mg/m² and cytoxan 60 mg/kg) with a TBI (12 grays in 6 fractions). Patients treated in the HDT2 arm received melphalan 140 mg/m² alone, always supported by unmanipulated PBSCs, followed 2 to 3 months later by a second course of melphalan 140 mg/m² combined with etoposide (30 mg/kg) and 12-grays TBI. In both HDT groups, TBI-containing HDT were supported with unselected or CD34+ selected PBSCs, according to the randomization procedure. No maintenance therapy was planned after TBI-containing HDT. After a pneumonia related to Pneumocystis Carinii infection occurred 4 months after HDT in Patient 9, all patients received oral cotrimoxazole as prophylactic post-HDT treatment. All patients gave informed consent and the trial was approved by an institutional ethics committee.
Blood samples for immunological studies
Heparinized blood samples were collected at Month 1, 3, 6, 9, 12, 15, 18 , and 24 after the last PBSC reinfusion. In addition, blood samples from diagnosis were available for 22 patients (12 from the CD34+ selected group and 10 from the unselected group). Peripheral blood mononuclear cells (MNC)
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Mononuclear cells were washed twice with RPMI 1640 (Gibco, Paisley, G.B.).
Flow cytometry
Lymphocyte subset analysis
Absolute CD4+ and CD8+ cell counts were performed on fresh blood samples by four-colour flowcytometry analysis of cells positive for CD45, CD3, CD4, or CD8, using fluorescent beads as an internal standard (Coulter, Margency, France). The flow cytometry analysis of lymphocyte subpopulations was performed on the same whole blood specimen in three color immunofluorescence, 
Ki67 staining
This antibody recognizes an unknown nuclear antigen present on proliferating cells. This antigen is specifically expressed during the end of G1, S, G2 and M phases of the cell cycle. Surface staining was performed on whole blood, as described above. 
T-cell receptor rearrangement excisional circles (TRECs).
TRECs quantification was performed at Month 24 of follow-up on purified cell subsets, when sufficient amounts of CD45RA+CD4+ T-cells were reached. CD45RA+CD4+ and CD45RA-CD4+ Tcells were purified from fresh PBMC by magnetic separation over columns, using the MiniMACS multisort kit according to manufacturer's instructions (Miltenyi Biotec Inc, Sunnyval, CA). Briefly, 
Statistical methods
The Fisher's exact test was used for binary variable comparison. The Mann-Whitney test was used for continuous variable comparison, such as T-cell subset counts (median comparison). In addition, the kinetics of T-cell subsets recovery per unit time were evaluated through the slope of the line fitted to the data over time (simple linear regression). For that, we assumed that the rate of disappearance of cells is negligible at the time scale of the study. Correlation between kinetics of recovery and age at the moment of transplant was tested by the correlation t-test. Multivariate comparison were performed
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RESULTS
Patient population
The distribution of the 32 patients included in the present study within the four randomization groups was as follow: HDT1-unmanipulated arm, 10 patients; HDT1-CD34 arm, 8 patients; HDT2-unmanipulated arm, 6 patients; HDT2-CD34 arm, 8 patients. The impact of the CD34+ selection was assessed on the comparison of the group of 16 patients receiving CD34+ selected PBSC to the group of 16 patients receiving unselected PBSC after the last course of HDT. The median age was similar in both groups (49 years, range 36-56 in the selected group; 51 years, range 38-56 in the unselected group; P=0.89). There was no difference in the one versus two courses of HDT distribution between both patient groups. As indicated in Table 1 , the median number of reinfused CD34+ cells was similar in both groups. Conversely, the median number of reinfused CD3+ cells was significantly lower in the CD34+ selected PBSC group, representing a significant depletion in T lymphocytes compared to the unselected PBSC group. Post-transplant myeloid recovery was similar in the two groups (data not shown).
PBSC : peripheral blood stem cells; MNC : mononuclear cells. 
Consequences of CD34+ selection
T-cell subset reconstitution
The CD3+ depletion in the reinfused cells associated with the CD34+ selection led to a significant delay in T-cell reconstitution (Figure 1) . The median number of CD3+ ( Figure 1A ), CD4+CD3+
( Figure 1B) , and CD8+CD3+ ( Figure 1C ) cells detected in the peripheral blood was generally lower in patients grafted after ex vivo CD34+ selection than in those grafted without ex vivo manipulation, especially during the early follow-up. For the CD3+ and CD4+CD3+ T-cell subsets, median comparisons showed statistically significant differences until Month 9. The mean number of CD4+CD3+ T-cells remained below 200 cells/mm 3 until Month 9 in the selected group, while not in the unselected group. The CD34+ selection had, however, no influence on long-term T-cell reconstitution after one year of follow-up since similar levels were reached in both groups. Baseline Tcell subset evaluation (CD3+, CD4+CD3+, and CD8+CD3+ subsets) could be performed at diagnosis in 22 of the 32 patients (12 from the CD34+ selected group and 10 from the unselected group). These cell subset counts did not significantly differ from normal controls, without any differences between patients from both selected and unselected groups (data not shown). 
cells/mm3
Sequential assessments of median T-cell counts (at Month 3, 6, 9, 12, 15, 18, and 24) are shown for the whole CD3+ (A), the CD4+CD3+ (B), and the CD8+CD3+ (C) T-cell subsets, respectively. P values for median comparisons between the unselected ( ) and CD34+ selected ( ) groups are given at each time of follow -up. The Table included in the CD4+CD3+ section sequentially indicates the percentages of CDR5RO+ cells within the CD4+CD3+ T-cell subset in tested patients from both unselected and CD34+ selected groups.
We also studied the pattern of expression of the CD45 isoforms in the CD4+ T-cell population. As indicated in Figure 1B, 
for the first year in the unselected group but for the first 6 months only in the selected group. In the two groups, early CD4+ T-cell reconstitution was accompanied by increased Ki67 staining. We For
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Sequential assessments of median CD45RA+CD4+CD3+ T-cell counts (at Month 3, 6, 9, 12, 15, 18, and 24) are shown for both unselected (in gray) and CD34+ selected (in black) groups. P values for median comparisons between both groups are given at each time of follow-up. Fractions of CD62L+ T-cells are represented in plain areas.
To confirm that cells expressing CD45RA+CD4+ phenotype were enriched in naïve CD4T -cells, we measured the number of TRECs in the selected CD45RA+CD4+ and CD45RA-CD4+ subpopulations at Month 24 in 9 patients (5 patients from the CD34+ selected and 4 patients from the unselected group) (Figure 3) . We found that the number of TREC in these phenotypically designed naive CD45RA+ cells was ten fold higher than in the CD45RA-counterpart (median TREC number, 18 
CD45RA-CD4+ cells CD45RA+ CD4+ cells
Numbers of TRECs in both CD45RA-CD4+ and CD45RA+CD4+ T-cell subsets are indicated in white and gray, respectively, for the 9 tested patients. Patients n°1 to 5 belonged to the CD34+ selected group and patients n°6 to 9 belonged to the unselected group. Median number of TRECs was ten fold higher in the CD45RA+ as compared to the CD45RA-subset in patients receiving CD34+ selected graft, as well as in those receiving unselected graft (18 versus 1.8 x 10 3 /10 6 cells in the whole population of patients tested, P<0.001).
Non T-cell subset reconstitution
Reconstitution of CD45+CD14+ and CD3-CD16+CD56+ cell subsets has been followed-up until Month 15. During this period, CD45+CD14+ cell counts remained in the normal ranges in all patients from the unselected as well as from the CD34+ selected group. Concerning the natural killer subset, a significant difference between both patient groups was observed at Month 3 only. At that time, the mean number of CD3-CD16+CD56+ cells (+/-SEM) was higher in patients from the CD34+ selected group as compared to those from the unselected group (229 +/-57 versus 113 +/-22 /mm 3 ; P=0.004).
This difference was not longer observed after this early period, as CD3-CD16+CD56+ cell counts were within the normal ranges in both patient groups.
Role of age
T-cell subset reconstitution
Age had no impact on T-cell reconstitution until Month 15, but a negative impact on long-term CD3+ When kinetics of CD4+ T-cell recovery were correlated with age using a correlation t-test, we found a negative correlation between advanced age and recovery of the whole CD4+ population in patients from the CD34-selected group (R = -0.58; P=0.014) ( Figure 4A ) while not in those from the unselected group (not shown). Age had no significant influence on CD8+ T-cell long-term reconstitution.
Naive CD4+ T-cell reconstitution
For personal use only. on June 9, 2017. by guest www.bloodjournal.org From As indicated on Figure 4B , we also found a negative correlation between age and CD62L+CD45RA+ CD4+ T-cell recovery either in patients from the CD34-selected group or in those from the unselected group (R = -0.66 and -0.78; p=0.005 and 0.001, respectively). At Month 18 and Month 24, the mean number of these naive CD62L+CD45RA+CD4+ cells (+/-SEM) was 98 +/-21 and 163 +/-40/mm 3 in the 16 patients aged less than 50 years versus 23 +/-8 and 38 +/-9/mm 3 in the 16 patients aged more than 50 years. Of note, the kinetics of recovery of the whole CD45RA+CD4+ T-cell population was significantly affected by age in patients from the CD34-selected group only (R = -0.8; p=0.0001).
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Role of previous treatment
The role of the two treatment arms (HDT1 versus HDT2) on immune reconstitution was analyzed in the whole patient population as well as in CD34+ selected and unselected patients separately. No significant difference was found with the exception of a late transient deficiency in CD3+ and CD8+CD3+ cells observed at Month 18 in patients who received two HDT as compared to those who received one HDT (p=0.02 and 0.02 for the CD3+ and CD8+CD3+ subset, respectively by the MannWhitney test). Of note, this transient deficiency in CD8+CD3+ cells associated with the HDT2 arm appeared to be mainly observed in patients from the unselected PBSC group. This lack of marked difference in immune reconstitution between both treatment arms and the fact that both selected and unselected patient groups were well-balanced for these two treatment arms allow to eliminate a potential bias introduced by a significant impact of previous therapy.
Role of intercurrent events
Opportunistic infections
As the immune reconstitution may have been influenced by the occurrence and treatment of intercurrent infections in some patients, we retrospectively registered all opportunistic infections which occurred during the 2-year follow-up in the 32 patients studied. We did not observe any significant difference in opportunistic infection incidence between both patient groups in this limited population of patients (6 events in 5 patients from the CD34+ selected group as compared to 3 events in 3 patients from the unselected group). As indicated in Table 2 , the 3 patients from the unselected group who experienced opportunistic infections had quite normal CD4+CD3+ cell levels at the time of the infection. In the CD34+ selected group, patients who experienced opportunistic infections had low CD4+CD3+ cell levels at the time of infection. However, these levels were not significantly lower in these patients as compared to those who had no infection at the corresponding times (p=0.43, 0.64, and 0.28 at Month 3, 9, and 24, respectively). In patients who had opportunistic infection, no significant changes in the immune reconstitution profile was noted after the occurrence of the infection and its treatment (data not shown). Of note, these patients did not experience further opportunistic events, with the exception of one patient (Patient 4) who developed secondary Hodgkin's disease associated with autoimmune hemolytic anemia 4 years after transplantation.
Myeloma progression
During the 2-year follow-up of the study no patient had significant myeloma progression. As a consequence, no patient received additional therapy such as chemotherapeutic agents, interferon, or thalidomide that could have interacted with their immune reconstitution profile during the study period.
For
DISCUSSION
In the present study, we evaluated the mechanisms of T-cell reconstitution occurring after autologous transplantation of CD34+ selected versus unselected PBSC grafts reinfused after TBI-containing HDT in adults with multiple myeloma. We showed that overall the CD4+ T-cell reconstitution was significantly delayed during the first year in the selected group, but eventually led to similar counts as in the unselected group. This reconstitution rapidly involves the residual mature memory T-cells after unselected grafts that might negatively regulate the thymic differentiation in that setting. In contrast, the immune reconstitution of thymic origin was enhanced in the selected group as compared to the unselected group, demonstrating that TBI in adults does not impair thymic function which is regulated by peripheral lymphocyte emptiness. Age was identified as an independent adverse factor for CD4+ and naive CD4+ T-cell reconstitution.
In this limited population of patients, differences observed in immune reconstitution did not translate into significant difference in the incidence of opportunistic infections. Analysis of the whole study clinical parameters is in progress. Preliminary results appeared to show a higher rate of opportunistic infections in the CD34+ selected group (data not shown here). 16 This would suggest that not restoring rapidly protective memory T-cells against pathogens would be associated with a higher incidence of infections, despite further recovery of T-cell pool from thymic emigrants observed in this patient group.
Post-transplant immunodeficiency has been described after allogeneic transplantation, especially after T-cell depletion of the graft. 17 However, in the allogeneic setting, immunological conflict and immunosuppressive therapy are likely to impair not only thymic production, but also T-cell proliferation. Of interest, very long-term T-cell reconstitution (20 to 27 years after allogeneic transplantation) was evaluated using TRECs quantification. 18 The main result was that a late and not clinically relevant deficiency in the naive T-cell pool was only observed in patients transplanted in adulthood and not in those transplanted in childhood. Autologous setting remains, however, preferable to study thymic activity, especially when using CD34-selected graft in which purging procedure has eliminated mature T-cells that could undergo peripheral expansion.
Our results confirm that both known regeneration pathways account for T-cell reconstitution in these patients. The initial rapid increase in CD4+ T-cell count appears to involve peripheral T-cell expansion in both groups. Indeed, proliferation of mature T-cells was evidenced by the high level of Ki67+CD4+ T-cells, as well as the high proportion of memory type cells within the CD4+ T-cell subset. A second mechanism takes place after 6 months, with differences between both groups, however. Indeed, naïve CD62L+ CD45RA+CD4+ T-cells were restored faster in the selected group
For personal use only. on June 9, 2017. by guest www.bloodjournal.org From compared to the unselected one. Of note, we found a very high proportion of CD45RA+CD4+ T-cells, which did not express the CD62L antigen in patients from the unselected group. This was not observed in patients from the CD34-selected group. Such high proportions are quite exceptional and has not been observed in normal controls or during HIV infection. One explanation might be the reversion of the CD45RO phenotype after peripheral expansion of the mature CD45R0+ memory Tcells reinfused with unselected graft. 19 These CD62L-CD45RA+CD4+ T-cells should therefore belong to the memory rather than to the naïve subset. Our results were corroborated by our TRECs findings which were correlated to the CD62L expression. Altogether, these results show that thymic production in the selected group might be stimulated by some feed-back mechanisms from the periphery where the mature T-cell infused with the graft were unable at reconstituting a sufficient Tcell pool. Thus, a relative emptiness of the peripheral pool secondary to T-cell depleted HSCT reinfusion is capable to promote naïve T -cell production. This has to be related to the "thymic rebond"
described after chemotherapy in children. 7 A delay is, however, observed and might be due to transient thymic dysfunction after thymic irradiation. Another explanation could be that, even if few naïve Tcells are early generated, they undergo rapid peripheral expansion due to T-cell pool emptiness.
Immune reconstitution after autologous HSCT has already been evaluated by several groups. 2, 13, 20 In the study of Bromberger et al., immune reconstitution was reported in 9 patients with poor-risk non
Hodgkin lymphomas receiving autologous CD34+ selected cells. 2 Immunoaffinity purification followed by high speed FACS sorting was used to enrich the CD34+-selected graft. As in the present study, a delayed CD4+ T-cell reconstitution was observed. Surprisingly, in this study, CD4+ T-cell reconstitution was deeply impaired in both groups and remained below 200/mm 3 at 6 months even in the unmanipulated group. This could be due to alteration of progenitors by prior chemotherapy before PBSCs harvesting. In our study, reinfused T-cell progenitors were not previously exposed to high cumulative dosage of chemotherapy that may impair their ability to mature. In the study of Douek et al., the ability of the thymus to generate naive T-cells was already shown in 40 patients with multiple myeloma who underwent autologous transplantation with CD34+ enriched PBSC. 13 The main difference with the design of our present study was the lack of total body irradiation (TBI). The main non-concordant result was the lack of significant delay in CD4+CD3+ T-cell reconstitution compared to patients receiving unmanipulated PBSC, while we found a significant delay from Month 3 to 9 in our study. As peripheral expansion of residual and/or reinfused mature T-cells is proposed as the main mechanism for initial T-cell pool reconstitution, this non-concordant result thus suggests that TBI exposure could lead to a reduced post-graft peripheral expansion through alterations of the host's microenvironment and/or residual mature T-cells. In the study of Rutella et al. conducted in patients with various lymphoid malignancies (probably heavily preteated, as suggested by the reduced baseline level in CD4+ cells), the very short-term T-cell reconstitution was evaluated for 4 months only after non TBI-containing autologous CD34+ enriched PBSC transplants. 20 A
transient and very early
For personal use only. on June 9, 2017. by guest www.bloodjournal.org From deficiency in CD4+CD3+ (and at a lower degree in CD8+CD3+) cells was observed when compared to patients who received unselected transplants. Again, an inverse relationship between the number of mature T-cells reinfused and the duration of the post-graft deficiency strongly supported the major role of peripheral expansion of reinfused mature T-cells. As mentioned above, the lack of TBI may explain that no deficiency in immune reconstitution was observed in these patients after Month 2.
Thymic irradiation has been proposed to deeply exacerbate post-transplant immunodeficiency after CD34+ selected HSCT. 3, 21 We insist here on the ability of the thymus to produce naïve T -cells in grafted adults despite irradiation since the TRECs proportions observed in the CD45RA+ subset were identical to that of normal donors. Therefore our results are the first to demonstrate that thymic production of new naïve T -cells can occur in adults after thymic irradiation. In addition we show it is positively influenced by low peripheral blood T-cell numbers when the peripheral expansion of mature residual T-cells is limited due to T-cell graft depletion. One can also suggest that depletion of NK cells and monocytes might influence the rate and mechanism of T-cell reconstitution after TBI in adults receiving CD34+ positively selected grafts. Interestingly, the earlier NK cell reconstitution observed after CD34+ selected grafts suggests a de novo production of NK cells rather than an expansion of residual NK cells from unselected grafts. Such phenomenon does not alter thymic regeneration, but might also reflect the influence of the peripheral emptiness on the mechanism of immune reconstitution.
In addition to peripheral emptiness, age is a major factor influencing restoration of naïve CD4+ T -cell production, as already proposed in the allogeneic as well as in the autologous setting. 13, 18 The influence of age also suggests that this naïve T -cell production comes from the thymus. 22, 23 Altogether, our results demonstrate that infusing T-cell depleted PBSCs in irradiated adults delays the overall T-cell reconstitution in the early period, but accelerates the thymic regeneration process and eventually leads to similar levels of CD4+ T-cell reconstitution than in unmanipulated HSCT.
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